More than 285,000 total hip replacement surgeries are performed in the US each year. Most prosthetic hip joints consist of a cobalt-chromium (CoCr) femoral head that articulates with a polyethylene acetabular component, lubricated with synovial fluid. The statistical survivorship of these metal-onpolyethylene prosthetic hip joints declines significantly after 10-15 years of use, primarily as a result of polyethylene wear and wear debris incited disease. The current engineering paradigm to increase the longevity of prosthetic hip joints is to improve the mechanical properties of the polyethylene component, and to manufacture ultra-smooth articulating surfaces. In contrast, we show that adding a patterned microtexture to the ultra-smooth CoCr femoral head reduces friction when articulating with the polyethylene acetabular liner. The microtexture increases the load-carrying capacity and the thickness of the joint lubricant film, which reduces contact between the articulating surfaces. As a result, friction and wear is reduced. We have used a lubrication model to design the geometry of the patterned microtexture, and experimentally demonstrate reduced friction for the microtextured compared to conventional smooth surrogate prosthetic hip joints.
Introduction
More than 285,000 total hip replacement (THR) surgeries are performed in the US each year to treat degenerative joint diseases that cause pain and disability [1] . Several bearing types for prosthetic hip joints exist: ceramic-on-ceramic (COC), ceramicon-metal, ceramic-on-polyethylene (COP), metal-on-metal (MOM), and metal-on-polyethylene (MOP). This paper focuses on the MOP type because it is the most commonly used in the US. An MOP prosthetic hip joint consists of a femoral head, usually made of cobalt-chromium (CoCr), attached to the femur with a taper or stem. The head articulates with a polyethylene liner (usually ultrahigh molecular weight polyethylene (UHMWPE) or (highly) crosslinked polyethylene (XL polyethylene)) fixed in an acetabular component that is anchored in the pelvis (see Fig. 1 ). The most common reasons for an MOP prosthetic hip joint to fail include [2] ; (1) wear of the polyethylene liner as a result of articulation with the CoCr femoral component. Particles generated by adhesive wear, corrosive wear, and/or abrasive wear may act as abrasives and accelerate deterioration of the sliding interface [3, 4] . (2) Adverse biological reaction to indigestible microscopic wear debris leads to periprosthetic osteolysis [5] [6] [7] , which undermines the implant and causes mechanical loosening and instability. Even XL polyethylene, while reducing wear [8] [9] [10] [11] , has been observed to cause osteolysis [12] . Failure of a prosthetic hip joint may lead to a risky revision surgery [13, 14] . Hence, it is important to reduce friction and wear of the articulating surfaces to increase the longevity of prosthetic hip joints.
The current engineering paradigm for combating implant wear is to improve the mechanical properties of the polyethylene component and to manufacture ultra-smooth bearing surfaces, as witnessed by the re-introduction of MOM [15] and the development of COP [16] and COC prosthetic hip joints [17] . For example, COC articulating surfaces are polished to an average surface roughness R a o5 nm, which enables them to operate in the (elasto)hydrodynamic lubrication regime, thus reducing friction and wear. Despite this advantage, COC prosthetic hip joints are prone to edge-loading wear that leads to squeaking, problems that MOP hips do not exhibit. To date, the potential of reducing friction and wear by increasing the load-carrying capacity of the lubricant film in MOP hips has been neglected, likely because the polymer bearing surface is compliant, prone to dimensional error, and not feasible to polish. In contrast to the existing knowledge, we attempt to decrease friction in MOP hip joints by adding a patterned microtexture to the ultra-smooth CoCr femoral head. The microtexture is implemented as an array of concave features ("dimples") and is well-known to increase the load-carrying capacity and lubricant film thickness in other man-made bearings [18] , such as, for instance, magnetic tape drives [19, 20] , piston rings [21] , and thrust bearings [22] . The dimples form an array of microhydrodynamic bearings that increase the load-carrying capacity of the lubricant film between two bearing surfaces in relative motion. This increases the lubricant film thickness and reduces contact, thereby reducing friction and potentially wear of the articulating surfaces.
A few researchers have experimentally attempted to improve the durability of MOP prosthetic hip joints by using surface texture or increasing the surface roughness of the femoral head. Ito et al. [23] manufactured circular dimples of 0.5 mm in diameter and 0.1 mm deep, with a 1.2 mm pitch on a CoCr femoral head. They observed a 17% friction reduction and a 36% reduction in polyethylene wear, and hypothesized that this may be the result of the abrasive wear particles being trapped in the dimples and lubricant being accumulated and subsequently dispensed from the dimples during lubricant starvation conditions. Sawano et al. [24] used a waterjet to machine 0.25 μm to 4.4 μm deep channels, spaced 10 μm apart and running perpendicular to the direction of articulation, into a CoCrMo plate. A modest reduction in polyethylene wear was measured in a pin-on-disc experiment, which was attributed to the channels trapping wear particles. Zhou et al. [25] used a diamond indenter to manufacture spherical dimples of 1 mm in diameter and 2 mm deep into stainless steel plates. They conducted a pin-on-disc experiment with a UHMWPE pin (GUR 1020) and the textured stainless steel plates, and concluded that microtexture does not improve lubrication, but instead increases the surface roughness and subsequently wear. However, tall ridges were observed around the contour of the microtexture features, which may have increased friction in the bearing.
This work aims to improve the longevity of prosthetic hip joints by adding a well-defined patterned microtexture to the smooth femoral head, as illustrated in Fig. 1 . The approach is opposite to the current engineering paradigm of improving prosthetic hip joint longevity by improving the mechanical properties of the polyethylene to increase wear resistance, and by manufacturing smoother articulating surfaces. It is also different from earlier research that attempted to improve longevity by using texture as lubricant reservoirs or wear particle traps.
We experimentally demonstrate reduced friction between the articulating surfaces of a textured surrogate prosthetic hip compared to a smooth one, using the exact same material pair and surface properties of commercial prosthetic hip joints. We have used a simplified steady-state lubrication model to design the patterned microtexture geometry in terms of maximum bearing load-carrying capacity. From these results, we have selected four microtexture designs that are manufactured on convex CoCr specimens. We find that the friction coefficient between a convex CoCr specimen articulating with a concave UHMWPE specimen is reduced significantly by adding a patterned microtexture to the CoCr specimen.
Patterned microtexture design

Model
We use a simple steady-state lubrication model, shown in Fig. 2 , to design the geometry of the patterned microtexture, in support of the experiments described in Section 3. The microtextured femoral head is represented by a column of N ¼7 dimples and moves relative to the smooth acetabular liner. Since the curvatures of the femoral head and acetabular liner are almost identical, and much larger than the dimensions of the dimple, the bearing can be approximated as a parallel slider bearing.
The following assumptions are made: (1) each dimple has an identical spherical shape and is positioned in the center of a square unit cell of width 2r 1 (see Fig. 2 (b)). (2) While it is wellknown that synovial fluid is shear-thinning, its shear rate dependence is much smaller in prosthetic joints than in natural joints [26] . Hence, we model synovial fluid as a Newtonian fluid with viscosity of water at room temperature [27, 28] , which is a conservative assumption. The viscosity of synovial fluid (and bovine serum) is typically larger, which would increase the hydrodynamic pressure in our model. (3) Inertial forces are neglected because they are at least two orders of magnitude smaller than the viscous forces. (4) The minimum spacing c between the bearing surfaces is sufficient to avoid asperity contact and, thus, hydrodynamic lubrication is maintained assuming abundant lubricant supply. (5) No slip is assumed at the solid boundaries. Thus, the relationship between bearing spacing and pressure is governed by the steady-state two-dimensional incompressible Reynolds equation, given in dimensional form as [29] 
where x and y are Cartesian coordinates as indicated in Fig. 2 , p(x,y)
is the local bearing pressure, h(x,y) is the local bearing spacing, μ is the dynamic viscosity of the lubricant, and U is the relative sliding velocity between the microtextured and smooth surfaces. Eq. (1) can be rewritten in non-dimensional form as
where X¼x/r p , Y¼y/r p , P(X,Y)¼p(x,y)/p 0 , H(X,Y)¼h(x,y)/c. r p denotes the dimple radius and c is the minimum bearing spacing. The nondimensional flow factor λ¼3μU/(2r p p 0 ) and the non-dimensional minimum spacing δ¼c/(2r p ) define the operating conditions of the bearing. The inlet and outlet of the column of N dimples are maintained at ambient pressure p 0 . Symmetric boundary conditions are used on the lateral edges, to mimic the presence of adjacent dimples. Thus,
with respect to the origin of the coordinate system shown in Fig. 2 . Reynolds cavitation is implemented to account for gaseous cavitation in the lubricant [29] , and the cavitation pressure is assumed to be 90% of ambient pressure. This is similar to what others have used to describe gaseous cavitation in traditional smooth prosthetic hip joints [30] . The patterned microtexture is uniquely described by its texture aspect ratio, ε¼h p /(2r p ), and texture density,
). In each dimple cell, the non-dimensional local spacing H(X,Y) between the smooth and microtextured surface with spherical dimples is given with respect to a local coordinate system with the origin coincident with the center of the cell as
Simulation results
We have used a finite difference approach on a staggered grid [31, 32] with a successive over-relaxation factor of 1.0-1.9 to solve Eqs. (2) and (3) in conjunction with the Reynolds cavitation condition, for a range of different microtexture geometries (ε, S p ). The operating conditions λ¼5.94 Â 10 À 4 and δ¼0.01 are maintained constant, because the optimal microtexture geometry is almost independent of the operating conditions [33] . Convergence of the numerical solution is obtained when the relative change between two successive iterations of the pressure solution is smaller than 10 -6 at each grid point. A uniform grid of 301 by 301 nodes per unit cell is selected based on mesh convergence analysis, and further refining the grid does not change the solution by more than 2%. Fig. 3 shows the non-dimensional load-carrying capacity per unit area, W¼ (P avg -1), as a function of texture density and texture aspect ratio. P avg ¼p avg /p 0 is the average nondimensional bearing pressure. Four different microtexture designs (ε, S p ) are identified in Fig. 3 .
Friction experiments
Experimental apparatus
We experimentally demonstrate that adding a patterned microtexture to the ultra-smooth CoCr surface reduces the friction coefficient between the articulating surfaces of the surrogate prosthetic hip bearing. Fig. 4 shows a schematic of the friction experiment. We use a CoCr cylinder as surrogate femoral head and a concave cylindrical UHMWPE specimen as surrogate acetabular liner. The CoCr cylinder rotates reciprocally according to a prescribed kinematic cycle over a span of θ¼901, while pressed against the concave UHMWPE specimen with load F. This simulates the flexion/extension rotation and axial loading of the prosthetic hip joint, which are the primary kinematic and loading components, respectively. The friction coefficient is computed from torque M t and normal load F measurements, for both a microtextured and smooth CoCr cylinder, articulating with a smooth UHMWPE specimen. The bearing surfaces are submerged in bovine serum (HyClone -20 mg/ml protein concentration). Fig. 5(a) depicts the experimental apparatus, adapted from a knee tester of which the design, instrumentation and operating details are discussed elsewhere [34] . The setup consists of a reciprocating rotating shaft supported in two flange bearings (Fig. 5(b) ), driven by a geared stepper motor. The CoCr specimen is mounted on the shaft, and the concave UHMWPE specimen is loaded against the CoCr specimen using compression springs and a power screw mechanism. The magnitude of the load F is controlled using a force feedback control system. A torque sensor and load cell measure M t and F between the articulating cylindrical CoCr and UHMWPE specimens, respectively (Fig. 5(c) , see also Section 3.2), from which the friction coefficient as a function of time is determined. A reservoir contains bovine serum lubricant, submerging the interface between the articulating surfaces. show that an optimal combination of ε and S p exists that maximizes the loadcarrying capacity or, correspondingly, maximizes the lubricant film thickness. Four patterned microtexture designs are selected and manufactured on surrogate CoCr femoral heads. 
Specimens
We have used laser surface texturing (LST) with a solid-state laser to manufacture the patterned microtexture designs on smooth, CoCr (ASTM F1537-08) cylinders with a diameter of 50 mm, polished to R a o50 nm. The dimple radius r p ¼ 50 μm, for the four microtexture designs. Fig. 6 shows optical microscopy and white light interferometry images of each of the four microtexture patterns on the CoCr cylinders. A cross-section through the center line of the dimple reveals the surface roughness inside the dimples. Minimal material deposition around the contour of each dimple, resulting from the LST process, is observed. Fig. 7(a) and (b) shows a photograph and a white light interferometry image, respectively, of a smooth cylindrical CoCr specimen, used as benchmark in the friction experiments. Additionally, Fig. 8 depicts the concave UHMWPE (GUR 1020-ASTM F648) specimen of diameter 50.75 mm, and machined to R a ¼500 nm. Both the CoCr and UHMWPE specimens are manufactured and finished to identical specifications as commercial MOP prosthetic hip joints. The conformity ratio between the articulating surfaces is 98.5%. The contact pressure (0.57-1.13 MPa) is calculated using the Hertz theory and falls within the range of in-vivo values [35, 36] . Fig. 9 illustrates the experimental methodology. Fig. 9(a) shows the kinematic cycle including velocity and angular position of the CoCr cylinder with respect to the concave UHMWPE counterface as a function of time. The kinematic cycle is designed to maximize the portion during which a constant sliding velocity is maintained, to best approach the steady-state lubrication model used to optimize the microtexture geometry. The frequency of the kinematic cycle is 1.0 Hz [37] (ISO 14242-1), similar to walking gait. Fig. 9(b) shows the friction coefficient f as a function of time for the textured (S p ¼0.05, ε¼0.005) and smooth CoCr cylinders, respectively, articulating against the UHMWPE specimen. Only two seconds of data are shown, extracted from a long-duration experiment, to illustrate the detailed measurement of the friction coefficient as a function of time. The maximum contact pressure between the CoCr cylinder and the UHMWPE specimen in this example experiment is 0.71 MPa.
Methods
Results and discussion
From Fig. 9(b) we observe that the friction coefficient is periodic with reversals between clockwise (CW) and counter-clockwise (CCW) rotations. The friction coefficient is maximum at start and stop (t¼ 0.5, 1.0, 1.5s), and minimum in the middle of each cycle, when the sliding velocity at the surface of the cylinder is constant (0.1 m/s). The microtextured CoCr specimen outperforms the smooth specimen in two ways. First, the friction coefficient is significantly lower for the microtextured compared to the smooth cylinder over almost the entire kinematic cycle (for this particular microtexture geometry and kinematic cycle example). However, the measured values of the friction coefficient (approximately f¼ 0.15-0.20), do not seem to indicate full fluid lubrication. Rather, this indicates reduced contact between the microtextured CoCr and UHMWPE surfaces compared to smooth articulating surfaces, as a result of the increased bearing load-carrying capacity generated by the patterned microtexture. Second, the friction coefficient in the case of the microtextured CoCr cylinder decreases much faster immediately after reversing the sliding direction, compared to the smooth CoCr cylinder. This is indicated by the sharp drop of the friction coefficient surrounding direction reversals (at t¼0.5, 1.0, 1.5 s). The increased load-carrying capacity generated by the patterned microtexture increases the portion of the bearing load that is carried by the lubricant faster than in the case of a smooth surface. This reduces asperity contact and friction between the articulating surfaces. Table 1 shows the average friction coefficient calculated over a single 1 Hz cycle extracted from a long duration experiment, for all four patterned microtexture designs articulating with a UHMWPE specimen, and for different values of the contact pressure, ranging between 0.57-1.13 MPa. The kinematic cycle is identical to the one shown in Fig. 9(a) and the specimens are fully submerged in bovine serum. From Table 1 we observe that the average friction coefficient increases with increasing contact pressure, for both smooth and microtextured CoCr cylinders. In all cases, the smooth specimen never outperforms the microtextured ones, except for the cases with contact pressure of 1.13 MPa. The increased loadcarrying capacity generated by the patterned microtexture is not sufficient to reduce contact between the articulating bearing surfaces. Thus, solid-on-solid contact occurs between the microtextured CoCr and UHMWPE specimens, which results in a higher friction coefficient than the contact between the smooth CoCr and UHMWPE specimens.
We have also quantified the portion of the kinematic cycle during which each of the microtextured CoCr specimens displays a lower friction coefficient than the smooth CoCr specimen, to evaluate and compare the performance of the four patterned microtexture designs. Table 2 summarizes the results and shows the percentage of the kinematic cycle during which the microtextured CoCr cylinder outperforms the smooth one. From Table 2 we observe that each microtexture design outperforms the traditional smooth surface over at least part of the kinematic cycle. However, the portion during which the microtextured CoCr cylinder outperforms the smooth one decreases with increasing contact pressure. This is similar to the results shown in Table 1 . With increasing contact pressure, the patterned microtexture does not generate enough hydrodynamic pressure to support the increased bearing load and reduce friction between the articulating surfaces.
These results support the hypothesis that friction can be reduced at low sliding velocities in a surrogate MOP prosthetic hip joint by means of a patterned microtexture on the surface of the femoral head. However, at very high contact pressures the hydrodynamic pressure generated by the patterned microtexture may not be large enough to support the bearing load. As a result, contact occurs between the articulating surfaces, and the microtextured CoCr specimen may underperform the smooth one.
The relative performance of the different microtexture designs does not correlate well with the predicted load-carrying capacity (Fig. 3) . Several reasons contribute to this observation. First, we find that the manufacturing tolerance of shallow dimples is not held accurately while texturing the entire CoCr specimen. The error of the depth of the dimple may be as high as 50% for the microtexture design with ε¼0.005 but decreases with increasing ε.
Second, the relative differences in the load-carrying capacity predicted by the model for the four different microtexture designs is small. Thus, minor misalignment of the experimental apparatus, or other external parameters could account for the difference between the experimental and theoretical results. Also, the assumption of full fluid lubrication is likely not satisfied in the experiments as the friction coefficient values seem to indicate mixed lubrication rather than full fluid lubrication. The lubrication model could also be improved by including elastic deformation of the UHMWPE specimen, i.e., using an elastohydrodynamic lubrication (EHL) model instead of a hydrodynamic lubrication model. However, using EHL with a fine numerical grid, needed to resolve the pressure gradients in the dimples, is computationally expensive. However, since the objective of this work is to experimentally demonstrate the concept of microtexture in prosthetic hip joints, the model is only used to guide the choice of texture geometries.
A limitation of the experiments is side-leakage between the articulating cylindrical specimens compared to a ball-in-socket hip prosthesis. Side-leakage is minimal, however, because the unidirectional motion is orthogonal to the sides of the bearing where leakage occurs. Additionally, it is well known that the boundary effects in textured bearings are limited to the first few rows of dimples adjacent to the boundary. Furthermore, a prosthetic hip joint experiences six degrees of freedom. The most important kinematic component during gait is the flexion/extension (FE) rotation, although other motions create cross-shear in the polyethylene, which markedly affects wear. The experimental apparatus only simulates single-direction FE motion, which limits its scope to investigating the effect of reducing friction. Friction can be an important predictor of wear, and by reducing friction, we indicate the potential of reducing wear in future hip simulator tests that take all degrees of freedom of the prosthetic hip into account.
Conclusion
Based on our numerical and experimental results, we find that the friction coefficient between the surrogate convex CoCr and the concave UHMWPE specimens is lower for a microtextured CoCr specimen, than for the benchmark smooth CoCr specimen. The results demonstrate that the patterned microtexture reduces friction by increasing the hydrodynamic pressure and thickness of the lubricant film. This is observed for the four microtexture designs and all values of the contact pressure considered in this study, with the exception of the highest contact pressure we have used. In that case, the increased load-carrying capacity generated by the microtexture is not sufficient to support the bearing load and reduce friction.
The inherent limitations of the simple model that we used undoubtedly affect the correlation with the experimental results. Elastic deformation of the polyethylene is not accounted for, and a more sophisticated elastohydrodynamic lubrication model would likely be more accurate. However, the simple model-based design of the microtexture geometry is fast and allows obtaining a range of microtexture parameters that are suitable to reduce friction in the prosthetic hip joint. A reduced friction coefficient between the articulating bearing surfaces promises reduced wear and increased longevity of the prosthetic hip joint. Also, in contrast with the smooth surrogate CoCr femoral head, the friction coefficient decreases very quickly after reversal of the sliding direction for the microtextured surrogate femoral heads. Daily human joint activity includes frequent starts and stops, and it is during these periods of high friction that the most wear occurs. Thus, the microtexture reduces friction and potentially wear precisely where it is most needed.
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